Homogalacturonans with low and high degree of methyl esterification have been immuno-localised in the cambium, differentiating xylem and mature xylem of Pinus sylvestris, by monoclonal antibodies JIM5 and JIM7. In the unlignified cambial tissue the antibodies revealed a similar distribution for acidic and esterified pectin in the compound middle lamella, ray cell walls and pit membranes. In the lignified xylem tissue, pectin was also found in the compound middle lamella, although dominantly in the methylesterified form. Lignification seemed to coincide with a decrease in the presence of acidic pectin in the compound middle lamella. Both antibodies indicated labelling in pit membranes and ray cell walls in partially and fully lignified wood fibres.
INTRODUCTION
Pectin represents a highly heterogeneous group of polysaccharides and only a minor part of the total wood volume is made up of pectin. Lignified xylem contains low amounts of pectic substances (Thornber & Northcote 1961; Westermark et al. 1986 ). In contrast, cambial tissue contains relatively high amounts of pectin, which is extensively entangled with other polymers. Simson and Timell (1978a, b) measured pectin concentrations of 40-60% in the cambial zone of Populus tremuloides and Tilia americana. Unlignified middle lamella and primary cell wall material from the cambial zone of Cryptomeria japonica contains about 35% pectin consisting of combined rhamno-galacturonans and homogalacturonans (Edashige et al. 1995) .
The glycosidic linkage within the galacturonan polymer is alkali and acid labile. Therefore, it is very difficult to isolate and analyse pectins in their native form, obscuring their definite molecular weight, polydispersity and chemical composition. Sweden; to whom correspondence should be addressed.
However, by using different isolation techniques, pectin has been characterised as block polymers, composed of smooth and hairy regions (Jarvis 1984) . The smooth block consists, to a large extent, of partly methyl esterified homogalacturonans, which include single rhamnose units spread within the homogalacturonan backbone (Powell et al. 1982) . The rhamnogalacturonans RG-I and RG-II are the major building blocks of the hairy regions. RG-I has a backbone of repeating galacturonic-rhamnose units, and many heterogeneous side chains originating from the rhamnose units of the backbone. RG-II has also a complex structure, including various sugar units arranged in different constellations linked to a mainly galacturonan backbone (Darvill et al. 1978; Spellman et al. 1983; Melton et al. 1986 ).
Various techniques have been applied to elucidate the ultrastructural distribution of pectin in wood. Because it is a very heterogeneous polymer, and present in low amounts, visualisation of its ultrastructural distribution has been difficult. Albersheim et al. (1960) stained pectic carboxylic groups in wood with hydroxylamine and ferric ions, resulting in electron dense precipitation around the acidic groups. These acidic groups were concentrated in middle lamella/primary cell wall region (or the compound middle lamella as the combined middle lamella/primary cell wall is often referred). By applying immunolocalisation with a fluorescent pectin probe, specific for a block of at least 16 subsequent homogalacturonic units, Harsveld van der Veen & Van den Ent (1994) showed that the middle lamella of Populus deltoides contains pectin. In the same work ruthenium red staining was used to detect pectin in the middle lamella region. Staining indicated pectin in both ray parenchyma cell walls and in the middle lamella area of Populus deltoides and Pinus sylvestris.
By using pectic polysaccharides as antigens, antibodies against galacturonan and rhamno-galacturonans can be produced. Liners et al. (1989) raised a monoclonal antibody, able to recognise the Ca 2+ -galacturonic egg-box complex. Immunocytochemical studies have localised rhamnogalacturonans in the middle lamella of red clover (Trifolium pratense L., Moore & Staehelin 1988) . Esterified galacturonan can also be used to produce monoclonal antibodies. VandenBosch et al. (1989) and Knox et al. (1989) developed two antibodies, named JIM5 and JIM7, which recognise different degrees of methyl esterification on homogalacturonan. Further characterisation of the antibodies confirmed pectic specificity and their relative esterification preference (Bonfante-Fasolo et al. 1990; Knox et al. 1990 ). JIM5 recognises un-esterified pectin, and pectins with up to 50% methyl esterification. In contrast JIM7 reacts with pectins with 35 to 90% methyl esters.
The introduction of JIM5 and JIM7 has made studies on the spatial distribution and relative amounts of acidic and methylated pectin present in various plant tissues possible. For example, JIM5 and JIM7 have been used to detect pectin in ripening cherry tomatoes (Roy et al. 1992) , growing primary cell walls of different plants (Vian & Roland 1991) and transmitting tissue in the flower style (Vennigerholz 1992) . Pectin distributions in cambial derivatives of Populus euramericana have also been investigated using the JIM antibodies (Guglielmino et al. 1997) . Immunocytochemical localisation of pectin by JIM5 and JIM7 has shown detection of greatly enhanced specificity. A preliminary study has also indicated the presence of methylated and acidic pectin in softwood (Westermark & Vennigerholz 1995) . In this study the monoclonal antibodies JIM5 and JIM7 have been used to show the presence and distribution of homogalacturonans in cambium, differentiating xylem and mature xylem of Pinus sylvestris. Throughout the text the term pectin will refer to the respective homogalacturonan sequences recognised by JIM 5 and JIM7. The homogalacturonan recognised by JIM 5 is referred as acidic pectin and that detected by JIM7 as methylated pectin.
MATERIAL AND METHODS

Fixation and embedding of wood samples
Samples of cambium and mature xylem of Scots pine (Pinus sylvestris L.), grown at sea level 100 km north of Stockholm, Sweden, were cut into millimetre size pieces. The samples were fixed for two hours in 2.5% (v /v) glutaraldehyde containing 2% (v /v) paraformaldehyde in 0.05 M sodium cacodylate buffer (pH 7.2). Before postfixation in 1% (w /v) osmium tetroxide in 0.05 M sodium cacodylate buffer for 1 h, the samples were washed in buffer (3 × 15 minutes). After post-fixation, samples were washed with distilled water (3 × 15 minutes). Samples were then dehydrated by ethanol exchange (20, 40, 60, 80, 90 and 100%, 10 minutes each step) and embedded in LR-White methacrylate (London Resins Co Ltd, Basingstoke, UK). The resin was cured at 60 °C overnight in air-tight gelatine capsules. All other treatments and reactions in this work were performed at room temperature.
Semithin sections for light microscopy were cut using a Reichert-Jung Ultracut E and mounted on glass-slides. Ultrathin sections cut on the same microtome were collected on nickel grids for transmission electron microscopy (TEM) studies.
Primary antibodies
The monoclonal antibodies JIM5 and JIM7 were kindly provided by Professor K. Roberts, of John Innes Institute in Norwich, UK. The method used for immunolabelling and localisation of pectin by both light-and electron microscopy was according to Vennigerholz (1992) . Semithin sections for LM studies were treated directly on glassslides, and the ultrathin sections on grids were floated on droplets of the reaction mixtures. Sections were first preincubated with 10 mM Tris [2-amino-2-(hydroxy methyl)-1,3-propanediol]-HCl buffer (pH 7.3) containing 150 mM NaCl, 0.05% Tween 20 (polyoxyethylenesorbitan monolaurate) and 0.5% BSA (bovine serum albumin), and thereafter treated for 2 h by either JIM5 and JIM7 (diluted 1 : 5 in the preincubation buffer).
Labelling for fluorescence microscopy
For fluorescence microscopy the biotin-avidin system was used (Vector Laboratories Inc., Burlingame, CA, USA). Avidin coupled to FITC was diluted 1 : 200 with 10 mM Tris-HCl buffer (pH 8.0) before mounting in citifluor in the dark. All reactions were performed for 1 h at room temperature.
Fluorescence microscopy
A Zeiss epifluorescence microscope equipped with excitation filter BP 450-490 nm and emission filter LP 520 nm was used for the fluorescent studies.
Labelling for TEM, secondary and tertiary antibodies
As the JIM5 and JIM7 antibodies were produced in rat, a rabbit anti-rat IgG antibody (DAKO A /S, Glostrup, Denmark) was used as an intermediate link antiserum (i.e., secondary antibody). After treatment with the primary antibodies, sections were washed in buffer (5 × 1 minutes). The rabbit anti-rat secondary antiserum was diluted 1 : 50 and allowed to react with sections for 45 minutes. Both the secondary and the tertiary colloidal gold-coupled antibodies were diluted in the Tris-HCl buffer used for dilution of the JIM primary antibodies. A goat anti-rabbit IgG antibody (Amersham International, Buckinghamshire, UK) coupled to 10 nm colloidal gold was used as final marker for the TEM studies (tertiary antisera). Sections were washed in buffer (5 × 1 minutes) prior to labelling with the tertiary antisera. The tertiary antisera was diluted 1 : 50 and allowed to react with sections for 45 minutes. Afterwards, sections were thoroughly washed in distilled water (5 × 1 minutes). Post-fixation in 1% (v /v) glutaraldehyde, was carried out before the sections were counter-stained with 4% (w /v) uranyl acetate in 50% ethanol (7-8 minutes in the dark). After staining, sections were rinsed with a few droplets of 50% ethanol and distilled water.
Transmission electron microscopy
The distribution of pectin was observed using a Philips 210 electron microscope operated at 60 kV. All micrographs show transverse sections.
Antibody specificity
The monoclonal antibodies JIM5 and JIM7 have been characterised by VandenBosch et al. (1989) , Bonfante-Fasolo et al. (1990) , and Knox et al. (1990) . Control samples were performed by preabsorbing (saturating) the primary antibodies with commercial pectin or Na-polygalacturonate and by excluding the primary antibodies in the labelling procedure.
RESULTS
Distribution of acidic and methylated pectin in wood
The antibodies labelled by the FITC marker gave an overview of the distribution pattern of both methylated (JIM7) and acidic pectins (JIM5) in pine wood ( Fig. 1 &  2) . The fluorescence staining appeared as areas of bright light. In the case of very low fluorescence, a weak autofluorescence was distinguished in the middle lamella, primary-and secondary cell wall (Fig. 2) . From the micrographs of the antibody labelled wood samples by fluorescence and electron microscopy, it was apparent that pectin in the mature wood is mostly in the methylated form. Labelling for methylated pectin was strong in the middle lamella, at the cell corners of the middle lamella, and ray cell walls. There was also a strong fluorescence in bordered pit membranes (Fig. 1) . Staining for acidic pectin is shown in Figure 2 . It is obvious that the wood tissue contains less acidic pectin, with fluorescence localised in pit membranes, in ray cell walls and occasionally in the cell corners of the middle lamella, while the primary wall and middle lamella fluoresces very weakly. Another noticeable and general feature in Figures  1 and 2 is that the radial middle lamellae seem to label more intensely than tangential lamellae, a feature similar to the distribution pattern found for pectin in the cambial zone of Populus euramerica (Guglielmino et al. 1997) .
Ultrastructural distribution of pectin in lignified fibres
The antibodies labelled by gold markers gave a detailed distribution pattern of pectin as revealed by TEM. In Figure 3 , localisation of the gold labelled antibodies showed an extensive labelling for methylated pectin in the middle lamella cell corners of the xylem. Figure 4 shows the same labelling within the compound middle lamella between two fibre cell walls. The distribution of methylated pectin throughout the compound middle lamella and cell corner middle lamella seems to be homogeneous. Similar to fluorescence staining, the gold labelled antibodies showed a less intense labelling for acidic than for methylated pectin in the mature xylem, in both the cell corner middle lamella (Fig. 5 ) and compound middle lamella regions (Fig. 6) . 
Distribution of pectin in the unlignified developing xylem
The ultrastructural distribution of pectin in newly formed cells in the cambial zone was also investigated by immunolabelling. Figures 7-9 show unlignified cells in the developing xylem, in which cell wall thickening has begun. The content of pectin in the cell cornersʼ middle lamellae seems to vary. In some cells there was a dense uniform labelling, while in other cells almost no pectin was detected in the centre of cell corners, although pectin was abundant in the surrounding primary wall and middle Fig. 7-9 . Differentiating xylem cell corner middle lamella gold labelled for acidic and methylated pectins. -7: Homogeneous dense labelling for methylated pectins. -8: The centre area of the cell corner middle lamella lacks labelling for methylated pectin. -9: Homogeneous dense labelling for acidic pectins. -Scale bars for 7, 9 = 0.94 μm: for 8 = 0.37 μm. lamella. Figure 7 shows a cell corner middle lamella in the developing xylem labelled for methylated pectin. The cell corner displays a uniform labelling. In Figure 8 , the labelled methylated pectin also seems abundant; however, there is an area in the centre of the cell corner middle lamella that lacks labelling. Acidic pectin was also found in the compound middle lamella and cell corner middle lamella (Fig. 9) to about the same degree as the esterified pectin.
Immunolabelling of the cambial zone
The distribution of methylated pectin seems uniform in the cambium. Both the cell corner (Fig. 10), tangential (Fig. 11) and radial (Fig. 12) cell walls labelled extensively. Acidic pectin was also abundant in middle lamella and cell corner middle lamella regions in the cambium (Fig. 13) . The acidic pectin in tangential and radial cell walls (Fig. 14 and 15, respectively) was extensively immunolabelled. It is evident that both acidic and methylated pectin form a significant part of the unlignified cell wall in cambial tissue.
DISCUSSION
The distribution of pectin
All immunolocalised sections show JIM5 and JIM7 labelling in the compound middle lamella of tracheids, and no labelling in the secondary cell walls. This agrees with a previous immunolabelling study of xylem by JIM5 and JIM7 (Westermark & Vennigerholz 1995) . Microautoradiography of polygalacturonan deposition indicates that pectin formation terminates when secondary cell wall synthesis begins (Imai & Terashima 1992 ). This can be seen in Figures 1-6 , by the clear difference between labelling of the compound middle lamella and the secondary wall; no specific staining of pectin in the secondary wall was observed with either of the antibodies. Furthermore, different labelling patterns between cambium and mature xylem were revealed, when the wood fibres were subjected to JIM7 and JIM5 treatments. In wood, acidic pectin appears to be more apparent in unlignified than in lignified tissues. Normally neither the tori of unaspirated pits nor ray cell walls are lignified in the sapwood of Pinus sylvestris and these structures are major sites for acidic pectin. A high degree of acidic pectin can be found in the compound middle lamella of cambium, and developing xylem cells. Methylated pectin seems to be distributed throughout the compound middle lamella areas of both lignified tissues and in the cell wall of cambium cells. In lignified tissues methylated pectin appears to dominate, but in unlignified cell walls it seems to be present in similar amounts as acidic pectin. The reduction of labelling intensity by JIM5 and JIM7, and the relatively decreased labelling by JIM5, accompanying lignification are in agreement with the study on poplar by Guglielmino et al. (1997) .
Heterogeneous labelling in the middle lamella cell corner
Figures 8 and 9 show unlignified cell corner middle lamella in the developing xylem. There is a clear difference in the labelling pattern between these middle lamellae. Figure 8 shows an uneven labelling distribution, where the centre of the cell corner has no gold markers, whereas Figure 9 , a cell corner from a comparable developed cell, exhibits an even distribution of labelling. Other components have been reported to be unevenly distributed in the cell corners. Daniel et al. (1991) have reported on the heterogeneity of lignin in cell corner middle lamellae of hardwoods such as birch, poplar, beech as well as in Scots pine (although not as defined), and suggested that this results from incomplete lignification. Guglielmino et al. (1997) also found the Ca 2+ level to differ between cell corners of poplar, which is interesting due to the calcium ion-acidic pectin interaction, and its possible influence on cell wall maturation (see discussion below).
Why the esterified form of pectin predominates in mature xylem
Changes in the degree of esterification of pectin have been shown to occur during cell wall maturation, and a decrease of esterified pectin has been suggested to play a role in cessation of growth and cell wall stiffening by Ca 2+ -pectin bridges (Catesson 1994) . However, after the fibre lignifies, a relatively smaller amount of acidic pectin is present and the methylesterified form of pectin seems to dominate in the compound middle lamella. The reason for decrease of acidic pectin is not known, but various hypothetical explanations can be proposed. One possibility may be the dual function of calcium (II) ions, as both structural elements in pectic gels and stabilisers of superoxide radicals during lignification (Westermark 1982) . In the egg-box structures, formed by carboxylic units in the galacturonic backbone, the predominant counterion is calcium (II). Calcium (II) ions have also been shown to promote monolignol condensation reactions, possibly similar to those occurring during lignification of wood (Westermark 1982) . Therefore, liberation of Ca 2+ from pectin, after cell expansion, might be necessary in order to initiate lignification. This can be done in different ways, for example, the action of pectinase might degrade the galacturonans and thereby destroy the egg-box structures. Removal of pectin as a result of lignification has been suggested by Westermark et al. (1986) . Methylation of the acidic galacturonic units would have the same calcium ion releasing effect. However, pectin methyltransferases are found within the Golgi apparatus associated with the biosynthesis of pectin and not outside the plasma membrane (Goldberg et al. 1996) . Another way for calcium (II) removal of the carbohydrate gel may be peer intrusion of new lignin bonds to pectin, and general water relocation from the wall towards the lumen, carrying soluble ions as lignification proceeds. During lignification, intermediate quinone methides are formed, which can react with carboxylic groups of un-methylated pectin and form alfa-benzyl esters linkages (Terashima et al. 1993) . This would change the epitope for the JIM5 antibody, and result in a decreased affinity, which could be an additional reason for the appearent lower labelling intensity of JIM5 compared to JIM7 in lignified tissue. Wardrop (1976) found, using X-ray microanalysis of lignified phloem cell walls and unlignified adjacent parenchyma cell walls, that unlignified cell walls contained up to 20 times more calcium than lignified walls. Acid pectins were also found in pit membranes and ray cell walls in mature xylem, a result consistent with their unlignified states. However, in the surrounding tissues, which are lignified, and therefore have low calcium ion and acidic pectin content, labelling was absent.
CONCLUSIONS
Immunogold localisation of JIM7 indicates considerable amounts of methylated pectins in the compound middle lamella of fully developed pine tracheids, and JIM5 labelling indicates a relatively lower degree of un-methylated pectin in lignified tracheids.
Therefore, a major part of the pectin in the mature xylem seems to be comprised of homogalacturonan with more than 35% of the galacturonic units methyl esterified. However, there is also a possibility that some carboxylic groups of acidic pectin become ester linked to lignin and are therefore not recognised by JIM5 in lignified tissue. In the unlignified compound middle lamella and especially in the cell corner middle lamella in the developing xylem, similar labelling intensities of JIM5 and JIM7 were obtained, indicating that acidic and methylated pectins are present in similar amounts in unlignified tissues. Also, JIM5 labelling was of similar intensity as JIM7 in ray cell walls and pit membranes.
